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Abstract: Resource flows are generated by integrating production and consumption systems. To 
achieve circular flows, manufacturers are increasingly collaborating with their stakeholders. 
Nevertheless, in these collaborations they typically focus on the interfaces between systems rather than 
on a more comprehensive implementation of systems thinking principles to achieve deeper integration. 
This research conceptualises a system called the Resource Flow System (RFS), whose boundaries are 
defined based on the operational requirement to flow resources circularly. The RFS is intended to be 
designed by stakeholders through a top-down collaborative approach. A tool called the Flow Mapper 
(FM) is also introduced. It involves a method to visually model the RFS, and a process to apply the 
method and analyse the model. Grounded in Systems Thinking, System Dynamics and Material Flow 
Analysis theories, the tool guides a team to collaboratively develop a visual model of the RFS consisting 
of a State Model, a Functional Model and a Structural Model. The FM provides a performance-driven 
focus on the design of solutions for the CE, essential for constructive collaboration and enables users 
to innovate during system design both by providing them with a model of the system, and by discovering, 
generating and refining solutions in the process to develop it. 
 
Introduction 
Today’s consumption and production systems 
produce linear resource flows (Dewberry & 
Monteiro de Barros, 2009), which deliver value 
to stakeholders though growth is dependent on 
waste accumulation. In circular flows, 
resources - taking the form of materials, 
components or products - flow repeatedly in a 
single loop (Blomsma & Tennant, 2020; Stahel, 
2019), e.g., recycling of materials recovered 
from products or reuse of components or 
products. Circular resource flows minimise 
inputs and outputs of resources and preserve 
resource properties (Ellen MacArthur 
Foundation, 2015). To shift to a Circular 
Economy (CE) and produce circular resource 
flows, manufacturers and their partners are 
increasingly integrating systems spanning 
sourcing, manufacturing, distribution, retail, 
consumption and waste management. 
Integrated systems can optimise the throughput 
of resources, which in turn generates value for 
stakeholders such as reduced material losses 
and energy savings. 
 
Nevertheless, there are limitations to the 
approach currently taken by industry to produce 
circular resource flows. The first limitation is 
that the system boundaries considered are 
often too narrow, focusing primarily on the 
interfaces between systems. With narrow 
boundaries there is a risk that only parts of the 
whole journey of resources are covered and 
disproportionate attention is given to such 
parts. In addition, the number of system 
elements considered is reduced, increasing the 
likelihood that significant behaviours of the 
system are omitted or erroneous assumptions 
are made (Liu et al., 2015). The second 
limitation is that systems are integrated without 
stakeholders’ alignment on the overarching 
requirement of the system to create circular 
flows.  
 
To overcome these issues, systems thinking is 
proposed as an approach to help design 
production and consumption systems that 
produce circular resource flows. Systems 
thinking involves looking at both system 
elements and their interconnected whole 
(Meadows, 2008; Sterman, 2014). What is 
considered the whole depends on how and 
where system boundaries are set (de Weck et 
al., 2011), thus stakeholders must frame the 
system to produce circular resource flows by 
setting appropriate boundaries, i.e. neither too 
narrow nor too loose. Further, in systems 
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thinking stakeholders are encouraged to 
understand the operational requirement of the 
system to be designed, aligning themselves on 
what the system has to do. Stakeholders also 
have to collaborate to architect, design and 
integrate the system. Collaboration is 
considered a key enabler for adopting a CE 
(Ellen MacArthur Foundation, 2016; 
Kraaijenhagen et al., 2016; Prendeville et al., 
2014) and gathering multiple perspectives is 
essential for a good understanding of the 
system (Charnley et al., 2011).  
 
In production and consumption systems, cross-
organisational resource flows are commonly 
modelled using Material Flow Analysis (MFA). 
MFA aims to capture the entire volume of a 
single material resource within the boundaries 
of a (geographical) system (Brunner and 
Rechberger, 2004). Although MFA models the 
flow of resources as a sequence of processes 
that partition the volume of the flow, it does not 
model the structure that delivers the operation 
of the system. This limits the ability of 
stakeholders to develop shared mental models 
of the system structure and, therefore, to 
visualise solutions (Charnley et al., 2011) and 
collaborate (Senge, 2006). If tools to 
conceptualise system solutions are not 
developed, important steps in the innovation 
process such as the evaluation of and 
alignment on solutions are jeopardised (Pieroni 
et al., 2020), as evidence for their success stalls 
their implementation (Goldsworthy, 2014). 
 
This work aims to encourage and enable 
manufacturers and their partners to 
collaboratively design the system that produces 
circular resource flows, hereafter called 
Resource Flow System (RFS). The objective is 
to develop a tool that frames the problem of 
flowing resources and defines system 
performance as resource throughput. The main 
outcomes of this research are a tool called Flow 
Mapper (FM) and a demonstration of how it 
adds value in circular design by means of a 
case study.  
 
The Resource Flow System 
In this research, production and consumption 
are intended as a system of systems (Flood & 
Jackson, 1991). The RFS, cutting across 
systems such as sourcing, manufacturing, 
distribution, retail, consumption and waste 
management (see Figure 1) is the system that 
produces the actual circular resource flow. The 
RFS, therefore, views the design of the 
production and consumption system from the 
perspective of the resource flow (Zeeuw van 
der Laan, 2021). 
 
The RFS is a socio-technical system and 
because it has nonlinear interactions between 
its elements and a dynamic behaviour over 
time, it can be considered a complex system 
(Snowden and Boone, 2007). Depending on 
how its elements are interconnected, a system 
such as the RFS, exerts a certain behaviour 
over time (Meadows, 2008; Sterman, 2014), 
which results in the ability to meet its purpose, 
i.e., flowing resources circularly.  
 
 
Figure 1. Schematic depiction of the envisioned 
RFS.  
 
In systems engineering, the purpose of a 
system is typically expressed through 
operational and functional requirements 
(Burge, 2006). The operational requirement of 
the RFS is to flow resources circularly. The 
boundaries of a system are set to ensure that 
its operational requirement can be studied 
(Forrester, 1968). Figure 1 shows the 
boundaries of the RFS. The operational 
requirement of a system is then translated into 
its functional requirements, i.e., what the 
system has to do (to resources). As an 
example, the RFS has to meet functional 
requirements such as ‘transport’, ‘save up’, 
‘sort’ or ‘form’ resources.  
 
Compared to producing circular resource flows 
by integrating the interfaces of existing systems 
only, in this research we conceptualise the RFS 
as a system that can be designed through a 
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top-down collaborative approach, involving 
identifying requirements and developing 
solutions to meet them. Although systems 
engineering approaches to achieve this exist, 
they are poorly adopted by industry. 
 
Methods 
This work aims to develop a tool to design the 
RFS called the FM. The FM was developed 
through an iterative process during which 
various versions of the tool were used in 
workshops and simulations. Workshops 
involved groups of users working on either an 
illustrative or a real-world industrial case. In 
workshops, each user brought a different 
perspective on the system. Simulations 
involved an interactive rapid demonstration to 
future (industrial) users. We collected empirical 
data through several methods including 
observations with note-taking, audio 
recordings, surveys and participant and initiator 
interviews. Empirical data was collected to 
investigate the usability and usefulness of the 
FM. The data was used to evaluate the FM: 
formatively to produce interpretations that 
informed the development of the tool (Venable 
et al., 2016); and summatively to develop 
understanding of the effectiveness of the 
process and the value of its outcomes (Wholey, 
2010).  
 
In this paper a case study is used for the 
purpose of explaining the FM process and 
demonstrating its value in analysing and 
designing complex systems for the CE. The 
case is based on literature and consumer 
research, and assumptions by the authors 
based on their knowledge of the sector. The 
case involves the household use and 
consumption of compostable coffee capsules. 
The capsules used in this case are polymer-
based and certified (EN 13432) as being 
biodegradable under industrial composting 
conditions (Cazaudehore et al., 2021). Despite 
the promising potential to use such materials to 
substitute conventional plastics (European 
Bioplastics, 2018), the waste management of 
biodegradable plastics is highlighted as a 
significant issue for the near future waste 
(Prieto, 2016). Specifically, this case is complex 
because of uncertainties and unknowns around 
the need for standardised labelling, sorting 
instructions, and coordination by policymakers 
(Prieto, 2016). Further, there are concerns 
around the commercial value that is recovered 
from the anaerobic digestion of these materials, 
jeopardising the chances for a successful 
closed-loop resource flow in the biosphere. At 
present, a wide variety of certified 
biodegradable materials are available on the 
consumer market, yet consumers are ill-
informed and infrastructure is lacking.  
 
The Flow Mapper philosophy  
The FM tool was developed to support the 
design of products and systems for the CE 
based on in-depth understanding of existing 
products and systems. Our philosophy for the 
tool evolved throughout the development and 
evaluation. The FM: 
 
• is grounded in the following theory: System 
Thinking (e.g., Senge, 2006) as interconnected 
system elements deliver the behaviour of the 
system as a whole; System Dynamics 
(Forrester, 1968, Meadows, 2008, Sterman, 
2014) as stocks represent resource quantities 
at different moments in time, flows represent 
the rate of change to resources caused by the 
processes that move and transform them, and 
system elements are interpreted as the 
auxiliary variables that influence stocks and 
flows; and MFA (Brunner and Rechberger, 
2004) as the flow of resources is interpreted as 
a sequence of processes that affect resources.  
 
• enables the development of a visual and 
easy-to-interpret model of the RFS for one 
product, including a State Model of the resource 
flow consisting of states of the system 
behaviour and the transition from one state to 
the next (Gedell et al., 2011); a Functional 
Model that identifies and organises functional 
requirements (Burge, 2006); and a Structural 
Model that explains how the system operates 
(Kasser & Mackley, 2008) by capturing its 
socio-technical elements and their 
interconnections (Ceschin & Gaziulusoy, 2020; 
Charnley et al., 2011). 
 
Introducing the Flow Mapper 
In this paper we present the FM version 1.0.3. 
The tool involves a method to model the RFS, 
as well as the process to apply the method and 
analyse the model. In an innovation project, the 
FM is typically used either to model novel 
systems for the CE informing design decisions 
or to model (partly) existing systems to analyse 
and optimise them. The initiator forms a team 
aiming to include various disciplines and 
different perspectives on the system (Charnley 
et al., 2011). Using the FM entails undertaking 
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several steps over three distinct phases, see 
Table 1. The steps are illustrated through the 
case study, which aims to model and analyse 
an existing system.  
 
Phase Step 
I Preparatory 1. Specify resource 
2. Pick a flow 
II Modelling 3. Take resource snapshots 
4. Map functions 
5. Map system elements 
III Action 6. Label pivotal functions 
7. Determine risks and 
opportunities 
Table 1. Phases and steps of the FM process. 
 
Phase I: Preparatory 
To start, the team aligns on the case and sets 
the scope of the system. This is necessary 
because a variety of perspectives often lead to 
assumptions and expectations on what should 
or should not be included in the system. This 
phase involves two key steps that enable the 
team to develop a shared mental model of the 
system.  
 
In Step 1, the team specifies the case based on 
what is already known about the resource, the 
consumer and the context of consumption 
using the Resource Specification Sheet (Figure 
2). This template contains a series of questions 
guiding the team to agree on which system to 
model. For example, in the case study the team 
specified the use context to be a consumer in 
London, consuming coffee at home and buying 
coffee capsule strips in the supermarket. This 
aligns the team on the geographic location and 
clarifies the household recycling systems.  
 
In Step 2, the team agrees on the type of flow 
that the RFS produces. The FM presents users 
with a choice of three types of flows, available 
on Flow Stickers. Rather than the waste 
hierarchy or circular business strategies, the 
Flow Stickers indicate the lowest entropy of the 
flowing resource, i.e., material, component or 
product (Blomsma & Tennant, 2020). In the 
case study, the Flow Sticker ‘material’ is 
selected to align with material composting. If, 
instead, the capsules were refilled, the Flow 
Sticker ‘component’ would have been selected. 
Basing the flow type on the resource entropy 
emphasises the function of the RFS and 
prioritises it over other stakeholder objectives 




Figure 2. Resource Specification Sheet 
completed for the case study. 
 
Phase II: Modelling 
Next, knowledge and insights necessary to 
model the RFS are captured from each user. 
Developing the three models (i.e., State Model, 
Functional Model and Structural Model) 
gradually guides users from a high-level view to 
a detailed understanding of the RFS. Central to 
this phase is the Configurator Board (Figure 3), 
serving as a modelling canvas and supporting 
the team in developing the FM model.  
 
In Step 3, the team develops the State Model 
of the RFS, using Snapshots, i.e., 
characterisations of the states of the flowing 
resource at key moments in the resource flow. 
For example, in the case study, the ‘obsolete 
resource’ shows the used capsules in the 
Nespresso machine’s capsule container. 
Characterising the resource in time-specific 
contexts refines the narrative of the RFS and 
indicates relevant socio-technical system 
elements, deepening the shared understanding 
of RFS and making the first step towards a 
visual model. 
 
In Step 4, the team produces the Functional 
Model by chronologically mapping Function 
Cards each containing a verb to describe a 
process that physically moves and/or 
transforms resources. This provides a non-
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physical description of the RFS, translating the 
collective objective to achieve the operational 
requirement into a sequence of functional 
requirements, see Figure 4. These functions 
allow the team to imagine different solutions to 
satisfy them, encouraging the identification, 
comparison, consideration and addition of 
interconnected system elements to ensure the 
operation of the RFS. 
 
Typically, the system elements are easily 
recognised, but it is their interconnectedness 
that is key to the operation of the system 
(Meadows, 2008). Therefore, in Step 5, the 
team develops a Structural Model by describing 
the system elements and their 
interconnections, and positioning the elements 
on the Configurator Board. The elements are 
categorised in six (colour-coded) classes 
(Zeeuw van der Laan, 2021) presented in Table 
2, encouraging the inclusion of multidisciplinary 
knowledge and insights, see Figure 4. Because 
the system elements and processes emerge 
naturally and continuously while the team 
models the RFS, steps 4 and 5 are iterative.  
 
Phase III: Action 
The two final steps involve holistic and in-depth 
analyses of the FM model, necessary to 
develop the takeaways that support the 
innovation project. The FM model provides 
constructive reference points for these 
analyses.  
 
In Step 6, the team looks at the RFS holistically 
and labels the most critical functions with 
Pivotal Markers. Which functions are deemed 
critical depends on whether the innovation 
project involves understanding an existing 
RFS, or designing a novel one. Typically, the 
critical functions can be both those where the 




Figure 3. Configurator Board. 
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important to learn from where the system works 
and where it does not. In the case study, for 
example, the function ‘ferment’ has a red 
marker as there are concerns about the ability 
of the compostable capsules to ferment in the 
anaerobic digestion system. In contrast, the 
function ‘press’ has a green marker, as the 
capsules are compatible with current 
operations and consumption behaviour.  
 
In Step 7, the team organises the marked 
functions and relevant elements in the Analysis 
Matrix to understand the root causes of success 
or failure and propose actions to improve the 
RFS. In the example of the function ‘ferment’, 
see Figure 4, the in-depth analysis explains that 
the EN 13432 certification specifies a 
disintegration time (principle), which is a 
property preserved by the material (resource); 
however, this exceeds the duration of the 
anaerobic digestion practice (infrastructure). As 
an action, the team could discuss the 
composting of coffee capsules with an 
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Figure 4. Close-up view of the Configurator Board completed for the case study. See the Appendix for the 
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Production and consumption systems for the 
CE are typically integrated focusing on 
interfaces limiting the design of innovative and 
constructive solutions for the CE. By taking a 
resource flow-centric perspective and 
conceptualising the RFS following systems 
theory, a novel approach to designing system 
and product solutions for the CE is proposed. 
This is because the boundaries of the RFS are 
set to include the structure required to produce 
circular resource flows. The RFS is likely to be 
owned by several stakeholders who will benefit 
if the RFS operates effectively and efficiently. 
Designing the RFS, therefore, provides a 
shared and performance-driven objective, 
which encourages constructive collaboration.  
 
Common design support for the CE typically 
focuses on conceptualising or strategising 
solutions (e.g. Pieroni et al., 2019) but there is 
a lack of support focusing on the realisation and 
implementation of solutions (Baldassarre et al., 
2020). The FM translates systems engineering 
principles into an accessible and intuitive tool. 
Both the FM model as well as the process to 
develop it have implications for design. First, 
the templates, language and cues in the FM 
allow users to easily and rapidly develop a 
visual model. Visual models of complex 
systems are difficult to develop but offer 
invaluable support for collaboration as they 
allow alignment on and communication of 
solutions (Charnley et al., 2011, Lim et al., 
2008). Second, modelling the system with the 
FM encourages the discovery, generation and 
refinement of solutions, which are key activities 
in design prototyping (Lim et al., 2008). 
Developing system prototypes helps 
investigate the system and understand what it 
has to offer, such as identifying business 
opportunities (Houde and Hill, 1997), or finding 
evidence for the feasibility of solutions 
(Goldsworthy, 2014).  
 
Limitations and future work 
The FM is the result of on-going research and 
development (Zeeuw van der Laan, 2021). 
Although our research focuses on Fast-Moving 
Consumer Goods, we see value in using the 
tool in other industrial sectors. The 
development of the FM is on-going and future 
work focuses on: integration in industrial 
innovation processes; modelling product and 
material journey variations; and optimisation of 
the usability and effectiveness of the 
collaborative modelling process. Based on our 
current work we have confidence that there are 
recurring (sector-specific) system elements and 
functions (Zeeuw van der Laan, 2021). We, 
therefore, aim to undertake research to define 
them and develop taxonomies that can further 




This work proposed a novel approach to the 
design of systems for the CE, making two key 
contributions. First, it introduces the RFS, which 
frames the system needed to satisfy the 
operational requirement to flow resources 
circularly. Second, it introduces a method and 
tool called the FM to model the RFS, supporting 
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